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ABSTRACT PAGE 
 
 
This work presents the synthesis and photomodulation studies of Alkyne-functionalized 
poly(phenylene vinylene) (PPV) conjugated polymer nanoparticles and their subsequent 
functionalization with an azide-functionalized photochromic spirooxazine dye via a click 
reaction.  A variation of the click reaction utilized in this project is the copper(I)-
catalyzed Huisgen 1,3-dipolar cycloaddition.  The synthesis and purification methods of 
spirooxazine are examined, and a general procedure for hydroxyspirooxazine 
condensation is established.  The alkyne functionalization of 20% Br-functionalized PPV 
polymer is optimized.  Alkyne-PPV nanoparticles are mixed with varying amounts of 
CuSO4 and sodium ascorbate to determine the conditions that cause nanoparticle 
aggregation.  The procedure for removing aggregates and unreacted click reagents from 
the nanoparticle solution is established.   Several click reactions were carried out to find 
the most optimal conditions for the click.  Absorbance and fluorescence studies 
conducted on all click products showed a high degree of photomodulation.  All click 
products exhibited significant quenching and almost full recovery without considerable 
photobleaching.  These results suggest that we were able to successfully click 
spirooxazine dye to the PPV backbone and created a reversible photoswitch of the PPV 
fluorescence. 
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Introduction 
 Although conjugated polymers had been known for some time, it was not until 
two decades ago that they began to attract significant attention due to their unique 
luminescent properties and optoelectronic applications.  Poly (p-phenylene vinylene) 
(PPV) is the first conjugated polymer ever to show electroluminescence and 
photoluminescence.
1
  PPV and its derivatives continue to be developed  to this day 
because of their applications in organic-based light-emitting diodes (LEDs), solar energy 
cells, biomolecular imaging, fluorescence-based chemical sensors, and molecular scale 
electronics.
2,3
  Many studies have shown that side chains attached to the polymer 
backbone affect the polymer’s functionality, solubility, and fluorescent properties.4  The 
main goal of this project is to create a photoswitch of PPV fluorescence by attaching a 
photochromic molecule to the polymer backbone.  Photochromic molecules have two 
structural forms with different absorbance spectra, and they convert from one form to 
another in response to a light signal.
4
 In this project, we are using PPV polymer as the 
fluorescence donor and a covalently bonded spirooxazine (SO) dye as the photochromic 
energy transfer acceptor.  When the UV light is on, SO converts to its open merocyanine 
(MC) form, which acts as a quencher of PPV fluorescence.  This process of 
photomodulation might have uses in optical data storage and chemical sensors.
4
 This 
introduction will mainly focus on the discussion of fluorescence, photomodulation, 
structure and properties of PPV and SO dye.   The second part of the paper will focus on 
the “click” chemistry between conjugated polymer nanoparticles and SO dye 
photochromes. 
2 
 
Molecular electronic transitions can essentially be described by two processes: 
absorption of light energy and the release of that energy.  Among all possible electronic 
transitions allowed by quantum theory, π  π* and n  π* are applicable in UV-VIS 
molecular spectroscopy.  For such transitions to occur, a molecule must have one or more 
unsaturated sites and/or lone pairs of electrons.  Conjugation has a profound effect on 
molecular absorption and emission.  Conjugation of double or triple bonds results in the 
delocalization of π electrons, which in turn stabilizes the energy of the π* anti-bonding 
orbital. Since the energy of the anti-bonding orbital is lowered, less energy is needed to 
excite the electron to that orbital.  Given that energy is inversely proportional to 
wavelength, conjugated systems have maximum absorbance and emission at longer 
wavelengths.  This results is the so-called “red” or bathochromic shift.  This will prove to 
be useful in our project, since it is possible to tell how conjugated a polymer is based on 
its fluorescence color.  If PPV fluorescence is red or orange, it means it is highly 
conjugated, whereas blue fluorescence indicates the presence of oligomers, lower 
molecular weight and less conjugated polymers.  Solvents also have an effect on the 
absorption and emission energy.  If a solvent is polar, in many cases it stabilizes the n 
(non-bonding) orbital via hydrogen bonding, thus increasing the n  π* transition 
energy.  This in turn results in the “blue” or hypsochromic shift.  Solvents can also 
influence PPV absorbance and emission by inducing shape changes.  For this reason, it is 
essential to choose “good,” less polar solvents, such as THF, for the polymer in order to 
avoid unwanted shifts.   
3 
 
Once a molecule absorbs light energy at a specific wavelength, it gets excited to 
higher electronic states as well as different vibrational levels within excited states.  
According to the Frank-Condon Principle, only vertical electronic transitions are allowed 
because excited electrons move to the new orbitals much faster than the nuclei can 
adjust.
5
  There are both radiative (via emission of light, called luminescence) and non-
radiative (no light involved) competing processes by which an excited molecule can relax 
back to the ground electronic state.  Different relaxation pathways are illustrated in a 
Jablonski energy diagram in Figure 1. 
 
Figure 1.  Jablonski Diagram
26
 
As can be seen in the diagram above, the straight arrows represent radiative processes 
and curly arrows are non-radiative pathways.  There are two types of excited electronic 
states: singlet states with spin paired electrons (S1, S2, etc.) and triplet state with spin 
unpaired electrons (T1, T2, etc.).  The two types of luminescence are fluorescence and 
phosphorescence.  Fluorescence is radiative decay from the singlet state and, since the 
electrons in the ground and excited states are paired, this transition is allowed and occurs 
quite rapidly (the lifetime of a typical excited state is about 10 ns).
5
  Emission of light 
4 
 
from the triplet state is called phosphorescence and, since the T1  S1 transition is spin 
forbidden, triplet lifetimes are quite long (10
3
 – 10 s-1).5  The most common type of 
fluorescence emission observed is Stokes emission, in which the absorption energy is 
greater than the emission energy.
5
  Therefore, an absorption spectrum will have a shorter 
λmax compared to an emission spectrum.   
 Aromatic and conjugated molecules exhibit fluorescence that can be quenched by 
an energy transfer acceptor.  Fluorescence quenching is defined as “any process which 
decreases the fluorescence intensity of a sample.”5  One type of quenching employed in 
our research is the mechanism called Fluorescence Resonance Energy Transfer (FRET).  
FRET is a non-radiative energy transfer that occurs between a donor in an excited state 
and an acceptor.
5
  Since the process is non-radiative, it does not involve emission of a 
photon and is the result of dipole-dipole interactions between the donor and the acceptor.
5  
 
Usually, FRET occurs if the donor emits at a shorter wavelength than the acceptor, and if 
the donor’s emission spectrum overlaps with the acceptor’s absorption spectrum.5  
   
                            Figure 2.  FRET Spectral Overlap
6
 
5 
 
The rate of energy transfer is affected by the magnitude of the overlap integral, proximity 
of the fluorophore to the quencher, and the parallel orientations of their transition dipoles.  
As was mentioned earlier, the major goal of the project is to create a reversible 
photoswitch to control polymer fluorescence with light.  The main principle behind this 
photomodulation is the following.  A fluorophore molecule is covalently bonded to a 
photochromic quencher.  Before irradiation with UV light, the fluorophore should be 
highly fluorescent.  Once the fluorophore-quencher molecule is exposed to UV light, the 
photochromic quencher undergoes a structural change to a more planar form and 
becomes an acceptor of light emitted by the fluorophore.  This facilitates FRET and the 
fluorophore’s fluorescence intensity sharply decreases as low as possible (preferably 
completely).  However, once the UV light is turned off, the quencher quickly converts 
back to its original, thermally stable form and the donor’s fluorescence is restored back to 
its exact initial intensity.  This is, of course, theoretical, because oftentimes 
“photobleaching” occurs and the restored fluorescence is less intense than the original.   
In our project, we use an alkyne-functionalized PPV derivative as the fluorophore 
and an azide-functionalized SO as the photochromic quencher of fluorescence.  As was 
stated earlier, PPV was the first conjugated polymer to be used in organic LEDs because 
of its unique electro- and photo-luminescent properties.  Electroluminescence is defined 
as the non-thermal emission of light upon application of electric current.
7
 Although 
inorganic materials have been used in LEDs for many years, it is the polymer’s ability to 
form thin films when deposited from solution by spin-coating which makes it a very 
6 
 
attractive alternative for the construction of electroluminescent devices.
8
  A typical 
polymer LED is shown below in Figure 3. 
 
                                            Figure 3.  Single Layer LED
7
 
As illustrated on the figure, the thin layer of polymer is “sandwiched” between two 
electrodes, one of which is transparent.  Since spin-coating is a very useful way to 
produce polymer LEDs, it is highly desirable for polymers to be soluble in organic 
solvents.  However, unsubstituted PPV polymers are often insoluble in most organic 
solvents, which renders them unusable.   
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 PPV and its derivatives have the same core structure, shown in Figure 4. 
 
          Figure 4.  PPV Backbone 
The high degree of conjugation and rigid aromatic structure cause PPV to be highly 
fluorescent, usually in the yellow-green region of the spectrum in solution and orange-red 
in thin films.  Solubility issues can be solved by introducing alkoxy substituents into the 
polymer backbone.  Hydrophobic side chains not only increase polymer’s solubility in 
organic solvents, but they also enhance the electroluminescence efficiency of LEDs and 
contribute to the red shift in the emission spectrum.
7
  Therefore, substantial research has 
been conducted to analyze how the control of the conjugation length can be used to cover 
the entire color spectrum in LEDs.
7
   
Since our project mainly focuses on the fluorescence modulation in PPV, the 
central goal has been to develop a functionalized polymer that can be attached to a 
photochromic molecule.  The two monomers used in the polymer synthesis are presented 
in Figure 5. 
 
                              Figure 5.  Monomers used in polymer synthesis 
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It was decided to employ the Gilch Polymerization method that involves the use of 
already functionalized monomers instead of functionalizing the synthesized polymer.
9
  A 
schematic of the Gilch Polymerization of 50% functionalized PPV-Br is outlined in 
Figure 6 below. 
 
Figure 6.  Gilch Polymerization of 50% PPV-Br 
The polymer is denoted as 50% PPV-Br functionalized because for every repeated unit, 
there is one monomer with the bromine substituent and one without it.  One of the 
monomers has two decyloxy chains that further increase the polymer’s solubility, while 
the second monomer has a long bromoalkyl group.   It is this bromine that will later be 
displaced by propargyl alcohol in an SN2 substitution reaction in order to get an alkyne-
functionalized PPV needed for the “click” reaction.   
 The photochromic dye molecule used for fluorescence quenching is the azide-
functionalized spirooxazine (SO – N3).  As was stated earlier, a good quencher for 
photomodulation is a molecule that changes structure upon irradiation with UV light and 
returns back to its original form once the light source is removed.  Spirooxazines are 
perfect for this purpose because they are able to reversibly convert from the ring-closed 
(Spiro or SO) form to the ring-open (merocyanine or MC) form.  UV light induces the 
dissociation of the C – O bond on the oxazine ring, which results in the formation of the 
9 
 
thermally and photochemically unstable planar MC form.
10
  This process is outlined in 
the Figure 7 below.   
Figure 7.  Two forms of spirooxazine.
10,11
 
The planar MC form is more conjugated than the Spiro form, which results in the shift of 
its absorbance to the visible region.
12
  Generally, the Spiro form is colorless in solutions, 
whereas the MC form is blue.  This is due to the “red shift” that occurs in the MC form 
because of the extended conjugation.  The MC form has its maximum absorbance in the 
523-677 nm range,
12
 which is particularly useful to us given that PPV has its maximum 
emission intensity in the same region.  Thus, using MC to quench PPV fluorescence gives 
the large spectral overlap necessary for FRET to occur.  Although there are many 
different kinds of spirooxazine molecules available, we chose to synthesize the one 
illustrated in Figure 7 for several reasons.  First, spirooxazines containing nitrogen 
heterocycles exhibit better stability, larger bathochromic shifts, and excellent fatigue 
resistence.
12
  Second, since it was decided to use the “click” reaction to attach the SO to 
the PPV backbone, it was necessary to have a functional group on the SO that could be 
converted to an azide.  The hydroxyl group on C9 serves as a suitable precursor for the 
SO – N3 synthesis.   
 
10 
 
 Coined by Sharpless et al. in 2001, the term “click reaction” refers to a reaction 
with the following desirable characteristics: “high efficiency, regioselectivity, and 
functionality tolerance as well as mild reaction conditions, fast reaction rates, and simple 
product isolation procedures.”13,14  The type of click reaction used in our project is the 
1,3-dipolar Huisgen cycloaddition of azides to terminal alkynes to form [1,2,3]-
triazoles.
15
 This reaction was chosen because azide and alkyne are very reactive species 
that react fast, efficiently, and stereospecifically once they find each other in the solution.  
The scheme of this reaction is outlined in Figure 8. 
 
Figure 8.  “Click reaction” between terminal alkyne and azide16 
As can be seen in the figure above, the 1,3-dipolar cycloaddition gives two possible 
regioisomers: 1,4-disubstituted and 1,5-disubstituted triazoles.
14
  It has been shown that 
using CuSO4/sodium ascorbate catalyst results in the exclusive formation of the 
preferred, electronically more conjugated 1,4-regioisomer.
16
  However, copper (I)-based 
catalysts have their own disadvantages.  Once the reaction is complete, it becomes very 
difficult to purify the polymer from the metal catalyst.  This poses a serious threat, since 
transition metals can coordinate with heteroatoms on the triazole ring and quench PPV 
fluorescence.  This is highly undesirable because the central goal of the project is to be 
able to control polymer’s fluorescence with UV light, and any unpredictable behavior 
limits our ability to do so.  A substantial amount of research has been devoted to finding 
ways to minimize the amount of copper catalyst used in the click reaction or even the 
11 
 
development of new organocatalysts that can be easily removed from the final product.
14
   
As was mentioned earlier, solubility is always a significant issue in polymer synthesis.  
Unfortunately, the presence of triazole rings greatly reduces  solubility and makes it 
difficult to analyze the final click product and control its fluorescence.
15
  For this 
purpose, it was proposed to first make nanoparticles from alkyne-functionalized PPV and 
then click them with SO – N3.  
 Nanoparticles are extremely small (5-15 nm) hydrophobic particles suspended in 
an aqueous solution.  They exhibit the following characteristic properties: they must be 
“soluble, stable, relatively free of nonspecific interactions, and sufficiently bright in 
aqueous dispersions.”17  They have recently attracted a great deal of attention due to their 
bright fluorescence and potential use in imaging and sensing applications.
17
  The focus of 
this project is to use conjugated polymer nanoparticles for the click reaction in order to 
modulate polymer’s fluorescence.  Nanoparticles composed of conjugated polymers are 
referred to as Pdots, as opposed to regular fluorescent quantum dots (Qdots).
18
   
Compared to Qdots, Pdots are brighter, more fluorescent and photostable, not cytotoxic 
and exhibit faster emission rates.
18
  Most literature sources offer the same general 
procedure for nanoparticle preparation.
17-19
  A conjugated polymer is dissolved in 
anhydrous THF under inert atmosphere, filtered to remove aggregates, diluted with more 
THF and then sonicated.  Then, the solution is rapidly injected into ultrapure water and 
sonicated.  Afterwards, the THF is removed under vacuum to give nanoparticles 
suspended in aqueous solution.  As a result, hydrophobic parts of the polymer fold inside, 
forming a spherical nanoparticle to ensure minimum interactions with the aqueous 
12 
 
solution.  On the other hand, any hydrophilic chains end up on the surface of the 
hydrophobic nanoparticle core and are easily accessible to further functionalization.  The 
size of nanoparticles depends on the concentration of the polymer/THF precursor 
solution: the higher the concentration, the larger the produced nanoparticles.   
 The use of nanoparticles for the click reaction offers several advantages.  First, if 
alkyne-PPV is in a nanoparticle form, the hydrophilic alkyne groups would 
hypothetically be positioned on the surface and be easily available for the click with  
SO – N3.  This can potentially speed up the click reaction and make it more efficient with 
low catalyst loading.  Secondly, because Pdots are mainly hydrophobic, they do not 
chelate with transition metals.  Therefore, copper catalysts do not affect Pdots’ 
fluorescence and do not pose a threat to photomodulation studies.
18  
Pdots also exhibit 
remarkable quantum yields and photostability: Wu et al. showed that each Pdot  emitted 
over 10
9 
photons before photobleaching.
18
   Nanoparticles are particularly useful for 
fluorescence modulation because they allow the polymer and SO dye to be in close 
contact with each other.  Since FRET depends on the distance between the donor and the 
acceptor, this can possibly facilitate the energy transfer from PPV to SO.   
 I have come across two types of nanoparticles while reviewing the literature: one, 
prepared by Harbron et al.,
19
 incorporates the SO dye inside the nanoparticles, and the 
other, prepared by Wu et al.,
18 
attaches proteins or glycoproteins to the nanoparticle 
surface via the azide-alkyne click reaction. Harbron et al. prepared and studied SO-doped 
MEH-PPV nanoparticles (MEH-PPV is a PPV derivative).
19  
Fluorescence modulation 
13 
 
studies of SO-doped MEH-PPV nanoparticles showed remarkable results outlined in 
Figure 9 below.   
 
                Figure 9.  A) Fluorescence spectra of SO-doped MEH-PPV 
                                nanoparticles before irradiation with UV light (solid), 
                                after UV light (dotted), and after thermal recovery (dashed). 
                                (B) Kinetic studies of fluorescence intensity at 590 nm  
                                with respect to time. 
                                Low intensity points show fluorescence after UV light exposure 
                                and high intensity points indicate fluorescence after thermal      
                                recovery.
19 
 
The graphs show several highly promising results.  First, they confirm that modulation of 
PPV fluorescence via FRET between PPV and SO dye is possible.  As can be seen on 
graph 9A, MEH-PPV fluorescence was quenched to less than 10% of its original intensity 
and then recovered to its initial value without any noticeable photobleaching.
19  
 In this 
paper, the quenching and recovery efficiencies are defined using the following formulas: 
%  quenching  = 100 – ( I/I0 × 100 )                                          %  recovery  = I/I0 × 100 
where I0 is the original intensity of the sample and I is the intensity recorded after UV 
irradiation (for quenching) or a dark recovery period (for recovery).   
14 
 
Figure 9B shows that both MEH-PPV and SO are fatigue resistant and do not undergo 
any degradation for a substantial amount of time.
19
  The fluorescence studies also 
revealed that only about 1.5-5% of SO dyes in nanoparticles underwent conversion to the 
MC form.
19  
It was hypothesized that small size of nanoparticles imposes volume 
restrictions and prevents more SO molecules from changing structure.  A natural way to 
deal with this problem is to covalently attach SO dye to the surface of polymer 
nanoparticles using the click reaction.  In this case, SO molecules would be positioned 
outside the nanoparticle instead of being tightly packed inside.  Wu et al. employed this 
strategy by forming nanoparticles from polymer PFBT and copolymer PSMA and 
clicking them with alkyne-functionalized proteins and glycoproteins.
18
  The schematic of 
this process is given in Figure 10.   
 
            Figure 10. Click reaction between azide-functionalized polymer PFBT and  
                                         copolymer PSMA nanoparticles and alkyne-functionalized 
                                         proteins and glycoproteins.   
 
The goal of this project is to use Wu’s strategy to couple the alkyne-functionalized PPV 
nanoparticles with an azide-functionalized photochromic SO dye via the click reaction 
15 
 
with CuSO4/sodium ascorbate catalyst.  If the click reaction is successful, we should be 
able to obtain graphs similar to the ones in Figure 9.   That is, if nanoparticles are 
irradiated with UV light, SO converts to the MC form and quenches PPV fluorescence.  
Once the light source is removed, fluorescence is restored back to its original intensity, 
and the cycle is repeated again and again with little amount of photodegradation.  We 
also aspire to obtain more consistent and greater levels of quenching for clicked 
nanoparticles compared to the nanoparticles doped with SO.
19 
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Results and Discussion 
 
Three different approaches to attach spirooxazine to the PPV backbone were 
attempted by the Harbron lab.  The three routes are presented in Figure 11 below.   
 
  
Figure 11.  Synthetic Routes to SO-PPV 
17 
 
Although all three routes begin with the Gilch polymerization of PPV, they differ in the 
way the SO dye is attached to the polymer backbone.  The first route utilizes the 
Williamson ether synthesis, while the second uses the click reaction to covalently bond 
azide-functionalized spirooxazine to the alkyne-PPV polymer.  Both SO-PPV 1 and SO-
PPV 2 routes were extensively researched and studied by a former labmate and my 
mentor, Kathryn Peth.  Unfortunately, most products obtained using both routes exhibited 
extreme solubility issues and poor photomodulation.
20
  Given these reasons, it was 
decided to take the third approach to the SO-PPV synthesis.  It was theorized that making 
nanoparticles out of conjugated alkyne-PPV polymer would be a natural way to deal with 
solubility problems.  Once the polymer is in a nanoparticle form suspended in an aqueous 
solution, the alkyne groups would be positioned on the surface and be easily available for 
the click with SO-N3.  This approach also eliminates the need to dissolve SO-PPV 
products to perform further absorbance and fluorescence studies.  This paper will only 
focus on the third SO-PPV synthetic route and subsequent photochemical studies.   
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Spirooxazine Synthesis and Functionalization 
 The synthesis of Hydroxyspirooxazine 3 from commercially available  
2,7-Dihydroxynaphthalene 1 is outlined in Figure 12 below.   
 
Figure 12. Synthetic Route to Hydroxyspirooxazine
21,22 
Although this synthesis is very short and straightforward, purification of product 3 
proved to be rather difficult.  Most literature sources mention that yellow solid 
precipitates during the first purification step.
23
  Unfortunately, this never worked and 
black, viscous oil was obtained as a by-product in every reaction.  Since purification 
often required several attempts, most of the product was lost during the isolation process.  
For this reason, it was decided to work on a very large scale just to obtain a few grams of 
pure spirooxazine.   Several different syntheses and purification methods of spirooxazine 
3 from 1-nitrosonaphthalene-2,7-diol 2 were tried until the best and most efficient 
procedure could be established.   
 Synthesis of nitrosonaphthalene 2 from 2,7-Dihydroxynaphthalene 1 proceeds via 
a nitrosation reaction presented in Figure 13.   
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Figure 13.  Reaction Mechanism for Nitrosation of 2,7-Dihydroxynaphthalene
24 
The nitrosation reaction begins with the generation of an electrophile, a positively 
charged nitrosonium ion intermediate.  Initially, sulfuric acid is used to form nitrous acid 
from sodium nitrite.  Upon addition of excess sulfuric acid, nitrous acid is protonated, 
forcing a water molecule to leave to generate the desired electrophilic species.  Next, the 
weakly nucleophilic π electrons of the aromatic system attack the nitrosonium ion in an 
electrophilic aromatic substitution reaction.  Since the electron donating hydroxy groups 
are strongly activating and ortho/para directing, the nitrosation occurs only at the desired 
ortho position.  The oxygen atom donates an unshared pair of electrons to the π system, 
giving rise to four different resonance structures, which further enhance the stability of 
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the cation intermediate.  The subsequent loss of a proton regenerates aromaticity in the 
ring and produces the alkoxide of nitrosonaphthalene, which precipitates out of the 
solution upon further protonation with acid.  Only one molar equivalent of sodium nitrite 
is used to prevent polynitrosation.  The initial product obtained after Büchner filtration 
was extremely viscous and wet and had to be dried in the vacuum oven with heat for 2-3 
days.  Even after extensive drying, I was not able to completely remove all the water to 
determine a meaningful percent yield.  The final product was dark red/brown solid that 
was difficult to dissolve in most organic solvents.  Because of the solubility issues, it 
proved impossible to obtain an NMR spectrum and was decided to proceed to the next 
synthetic step without confirmation of the molecular structure.   
 Synthesis of spirooxazine 3 involves condensation of nitrosonaphthalene 2 with a 
methylene base.  The mechanism of this process was analyzed by previous labmate 
Jordan Walk in his graduate thesis.
24
  The full mechanism is outlined in Figure 14 below.  
 
Figure 14.  Hydroxyspirooxazine Condensation Mechanism 
 
 
Since the nitroso group is strongly electron withdrawing, it behaves like a carbonyl and 
acts as the electrophile in the condensation reaction.  Fisher’s base first attacks the 
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nitrogen of the nitroso group, forming a carbocation.  This carbocation is then attacked by 
the hydroxyl group to form a six-membered ring and an oxonium ion.  Deprotonation of 
the oxonium ion and subsequent loss of the water molecule result in the formation of the 
desired conjugated oxazine ring.   
 The spirooxazine synthesis proved to be rather difficult and tedious due to 
purification problems.  Six different syntheses were performed, and each gave black 
viscous substance that was hard to work with.  Since nitrosonaphthalene proved to be 
very difficult to dissolve, it had to be sonicated and refluxed in a huge excess of solvent 
prior to the addition of methylene base.  It was concluded that the spirooxazine 
condensation is a slow reaction, with more SO forming over time.  However, it is not 
advisable to run the reaction for too long due to the formation of various impurities.   
For the first two syntheses, I dissolved the unpurified product in a minimal 
volume of ethyl acetate and Büchner filtered to remove the impurities.  Then, I washed 
the filtered dark purple crystals with methanol and performed recrystallization from 
hexanes.  Although I was able to obtain a light yellow filtrate solution that definitely 
exhibited photochromism, it was impossible to retrieve any crystals due to the extreme 
dilution.  Unfortunately, even with using a large volume of hexane, I was only able to 
dissolve 5% - 15% of the product; the rest proved to be insoluble impurities and starting 
material.  In my later syntheses, I discovered that it is important to always check every 
solution, crystals, or goo with TLC plates to determine the presence of spirooxazine.  
Several solvent mixtures were tried to figure out the best separation for a potential 
column.  Methylene chloride/hexane (70/30) and hexane/ethyl acetate (75/25) showed the 
22 
 
best results: the photochromic spots were clearly separated from non-photochromic 
impurities.   
In the next two syntheses, I used 1,2-dichloroethane instead of ethanol as the 
solvent.  Both times, I cooled down the completed reaction in the ice bath and filtered the 
dark solid.  Unfortunately, the filtered crystals turned out to be unreacted starting 
material.  Overall, only 17% of nitrosonaphthalene reacted, mainly because the starting 
material was not completely dissolved prior to the addiction of the base.  I ran another SO 
condensation reaction in methanol using the recovered starting material from the previous 
synthesis with 1,2-dichloroehtane.  This time, however, I added a huge excess of 
methanol until most nitrosonaphthalene was dissolved; 87% of staring material reacted 
after 5 hours.  Finally, the most successful results were obtained after boiling the 
unpurified product in acetone with activated carbon for about 5-10 min and refluxing in 
hexane for 20-25 min.  Table 1 summarizes the results obtained from different procedures 
and purification methods.   
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Table 1. Spirooxazine condensation reaction conditions and purification methods 
  
Based on these experiments, a general procedure for spirooxazine condensation 
has been established.  Because of the purification issues, it is advisable to run the reaction 
on a large scale and start with at least 2 g of nitrosonaphthalene.  Nitrosonaphthalene and 
methylene base are to be measured out in a 1 : 1.15 molar ratio.  I discovered that adding 
about 40-45 equivalents of absolute ethanol to nitrosonaphthalene, sonicating the mixture 
for 15 minutes, and refluxing under nitrogen gas at 95 °C for 40 minutes dissolves most 
of the starting material.  Methylene base is to be diluted in about 3 equivalents of 
absolute ethanol and added dropwise to the dissolved nitrosonaphthalene over 40 minutes 
with rapid stirring.  After the addition, the reaction should be refluxed for about 4 hours, 
but not any longer.  My experience showed that longer reaction time results in the 
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formation of side products that can be clearly seen as yellow spots on a TLC plate.  It is 
highly recommended to monitor the reaction with TLC plates every 20 minutes using the 
hexane/ethyl acetate (75/25) solvent mixture.  Shining the 365 nm UV light on the TLC 
plate will reveal a photochromic bright blue MC spot.  If the yellow impurity spots start 
getting brighter, it is advisable to stop the reaction early and begin the work-up. 
Once the reaction is complete, the tricky part is to purify the crude product.  
Oftentimes, this step requires a great deal of time, patience and meticulous monitoring of 
the SO presence in the goo, crystals, or filtered liquid.  The first work-up step is to 
remove ethanol under reduced pressure to obtain viscous dark brown oil.  Then, minimal 
amount of ethyl acetate (about 30 mL) is added to precipitate the solid, and the crude 
product is filtered using a Büchner funnel.  Usually, additional ethyl acetate is required to 
remove the gooey substance from the sides of the round bottom flask.  The crystals 
collected at this stage of the process should be dark brownish red.   
 The second purification step usually gives the desired pure SO, even though 
sometimes it takes several attempts to remove impurities and the starting material.  The 
obtained dark crystals are to be dissolved in a small volume of acetone and sonicated for 
about 5 minutes.  Upon the addition of four to five spatulas of activated carbon, the 
solution is to be boiled for 10 minutes.  Then, activated carbon is filtered out using 
gravity filtration, and acetone is removed under reduced pressure.  A reliable way to tell 
if this step worked is to shine the 365 nm UV light on the filter paper.  If the paper turns 
greenish blue upon exposure to the UV light, this indicates that spirooxazine is present in 
the sample.  Next, the product is dissolved in hexane, sonicated for 20-25 minutes, and 
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refluxed for another 25 minutes under nitrogen gas.  Finally, the solution is Büchner 
filtered to yield yellow or tan powder.   
1
H NMR spectra for syntheses #3, #5 and #6 on 
Figures 46-51 (p. 72-77) show the aromatic region characteristic of spirooxazine dyes.  
 Once SO was successfully synthesized and purified, the next step was to prepare 
an azide-functionalized spirooxazine.  The synthetic route to SO-N3 5 from 
hydroxyspirooxazine 3 is outlined in Figure 15 below.   
 
Figure 15.  Synthetic route for azide-functionalized spirooxazine 
 The first step in the synthesis is the Williamson ether SN2 reaction between the 
alkoxide of spirooxazine and dibromobutane with potassium carbonate as a base to form 
bromine-functionalized spirooxazine 4.  Base first deprotonates SO to produce an 
alkoxide, which then attacks dibromobutane and expels one of the bromines (Figure 16).     
 
Figure 16.  Williamson ether SN2 mechanism to form SO-Br 
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The reaction proved to be very successful, and the product was easily purified by 
recrystallization in hexanes to yield grayish green powder.   
1
H NMR Spectra on Figures 
52-54 (p. 78-80) show that the alcohol peak of hydroxyspirooxazine at 5.4 ppm is gone 
and is instead replaced with peaks of the bromoalkyl chain.   
 Before trying to make an azide-functionalized SO from SO-Br, a simple test 
reaction was conducted between 1-bromohexane and sodium azide in DMSO to form  
1-azidohexane.  The mechanism of this reaction involves an SN2 nucleophilic substitution 
of the bromine atom by the azide nucleophile (Figure 17). 
 
Figure 17.  1-Azidohexane Reaction Mechanism 
The reaction was run in DMSO at room temperature for 4 hours; the organic layer was 
then extracted twice with diethyl ether, and the solvent was removed under reduced 
pressure to give light yellow powder with a 77% yield (Figure 55).  
 Since the conversion of 1-bromohexane to 1-azidohexane proved to be very 
straightforward and successful, the next step was to make azide-functionalized SO.  The 
procedure and mechanism of this reaction is identical to the test reaction for 1-
azidohexane.  I was able to obtain pure light brown powder (Figures 56-58).   
 Preliminary UV/VIS studies were carried out on azide-functionalized 
spirooxazine in anhydrous THF solution to test photochromic ability of the synthesized 
dye.  The sample was degassed under nitrogen gas for 10 minutes prior to recording 
absorption spectra.  Overall, three absorption spectra were measured: before irradiation 
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with UV light, immediately after exposure to the 365 nm UV light for 20 seconds, and 
after 60 seconds of thermal recovery in the dark (Figure 18). 
  
Figure 18.  UV-irradiation study of SO-N3 in dilute THF solution 
The SO form of the dye has its maximum absorbance at λmax = 336 nm.  Upon exposure 
to the UV light, SO converts to its open, more planar, MC form.  Because of the extended 
conjugation of the MC form, its absorbance shifts to the visible region, while also 
retaining the absorption in the UV region of the spectrum.  The absorbance spectrum of 
MC immediately after UV light irradiation can be clearly seen on Figure 18 above (dotted 
line).  The figure also shows that all MC converts back to its thermally stable SO form 
within a minute.  Igor Pro software was used to subtract the spectrum prior to UV light 
irradiation from the one recorded immediately after expose to the UV light for 20 
seconds.  The resultant difference spectrum of the MC absorbance was used to calculate 
λmax = 586 nm and Amax = 0.079 for the MC form (Figure 19). 
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Figure 19.  Difference spectrum between absorbance prior to UV light irradiation and 
                   immediately after UV light irradiation showing the MC absorbance.  
 
Harbron et al.
19
 mention that because of the increased polarity of the MC excited state, its 
absorbance exhibits the red shift with increasing solvent polarity.  They found that MC 
has a λmax value of 606 nm in a methanol solution, a λmax value of 574 nm in anhydrous 
THF, and a λmax value of 597 nm in a 99:1 v/v THF/H2O mixture.  The fact that the 
obtained difference spectrum shows a λmax value of 586 nm indicates that the THF used 
in the absorbance studies was not completely dry and had some water present.  The 
presence of water in the THF solution can be further proved by looking at the absorbance 
of the MC form in Figure 18, which shows a λmax value of 594 nm.   
 Absorption kinetics studies were carried out to monitor the MC  SO thermal 
recovery immediately after UV light exposure for 20 seconds at the λmax value of 586 nm 
(Figure 20). 
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Figure 20.  Kinetic Study of MC  SO thermal recovery after UV light irradiation 
                  at λmax = 586 nm for the MC form 
A first-order kinetics curve fit was performed to give a first-order rate constant  
k = 0.33 s
-1
 and a t1/2 value of 2.1 s, which are consistent with the results obtained by 
Harbron et el.
19
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Monomers and Gilch Polymerization 
 Monomers A and B (Figure 21) used in the Gilch Polymerization were 
synthesized by previous labmate, Kathryn Peth.
20
  In her graduate thesis, she describes 
the mechanisms and the synthetic routes for both monomers.   
 
Figure 21.  Monomers for Gilch Polymerization 
 
She also mentions that it was decided to use monomer B because of the two decyloxy 
chains para to one another.  Since PPV often exhibits extreme solubility issues, the long 
hydrocarbon chains are supposed to increase polymer’s solubility in organic solvents.  
Monomer A is used to introduce the SO functionalization to the polymer backbone.  It is 
the bromine at the end of the bromoalkyl chain that is displaced by propargyl alcohol in 
an SN2 substitution reaction to form alkyne-functionalized PPV.   
 Kathryn Peth did most of the work on the Gilch Polymerization and was able to 
establish a reliable general procedure.
20
  I closely followed her procedure the two times 
that I synthesized Br-functionalized PPV.  Both reactions proved successful and easily 
reproducible. 
 The Harbron lab has tried two different Gilch polymerizations: one with and 
another without a 4-(tert butyl) benzyl chloride additive.  It was decided to use the 
chloride additive to eliminate unwanted crosslinking that is often observed in regular 
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Gilch polymerization reactions.  Crosslinking occurs if t-BuOK base is too concentrated 
and/or is added to the reaction too quickly.  The formation of bonds in too many locations 
gives a globular product that is insoluble and cannot be used in subsequent reactions.
20
  
Usually, it is possible to tell if crosslinks have formed if the solution becomes too 
difficult to stir and its color rapidly changes to dark red.  Since the chloride additive 
eliminates crosslinking and allows easier product recovery, I exclusively performed 
modified Gilch polymerizations with the additive.  The mechanism of the modified Gilch 
polymerization of 50% PPV-Br is outlined in Figure 22 below.   
 
Figure 22.  Gilch Polymerization mechanism of 50% PPV-Br using chloride additive
9
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 Potassium tert-butoxide base (t-BuOK) first deprotonates the benzylic hydrogen 
of the bromomethyl monomer, forming a resonance-stabilized anionic intermediate.  The 
intermediate then undergoes a 1,6-elimination of HBr to give intermediate 6.  At the same 
time, t-BuOK base also deprotonates the chlorine additive to form anion 7.  This anion 
acts as a nucleophile and attacks intermediate 6, initiating anionic polymerization 
reaction to eventually produce the PPV-Br polymer.  One of the many possible side 
reactions is the early termination of polymerization by the reaction of propagating anionic 
chains with the chlorine additive.  Another possible reaction occurs between the anionic 
intermediate 7 and another chlorine additive to form the stilbene 8 as a side product.  In 
the past, it was discovered that limiting the amount of the chloride additive helps 
substantially reduce side reactions.
9,20
 
 The degree of polymer functionalization is determined by the molar ratio of the 
monomers A and B.  If monomers A and B are used in a 1:1 ratio, the resulting polymer 
would have 1 bromoalkyl chain in every 2 backbone units.  Such polymer would be 
designated as 50% Br-functionalized PPV (50% PPV-Br).  Figure 22 provides the 
mechanism for the formation of 50% PPV-Br.  Although the 50% PPV-Br 
polymerization was successful, the resulting polymer was very difficult to dissolve for 
the subsequent alkyne functionalization.  Unfortunately, the 50% Alkyne-PPV polymer 
exhibited extreme product recovery and solubility issues.  For that reason, it was decided 
to make a lower functionalized 20% PPV-Br. It was known from previous 
polymerizations
20
 that decreasing bromine functionality greatly improves the polymer’s 
solubility in organic solvents.  Figure 23 outlines the synthesis of 20% PPV-Br. 
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Figure 23.  Synthesis of 20% PPV-Br 
As can be seen in the Figure 23 above, 20% PPV-Br is prepared using the monomers A 
and B in a 1:4 ratio respectively.  The resulting random copolymer has approximately 1 
bromoalkyl chain in every 5 backbone units.   
 The 20% PPV-Br modified Gilch polymerization was straightforward and 
successful.  The monomers A and B were measured out in a 1:4 molar ratio, dissolved in 
50 mL of anhydrous THF, and added to a flame-dried three neck round bottom via a 
syringe.  It is very important to keep the atmosphere as inert as possible since the 
presence of any moisture quickly breaks up the polymer into lower molecular weight 
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oligomers.  If oligomers have formed, the solution will quickly change color from orange 
to dirty yellow and fluorescence will shift from green/yellow to blue.  After the addition 
of one molar equivalent of the chlorine additive, the reaction was heated to 53 °C and 
stirred vigorously using a large stirbar.  The amount of t-BuOK base is always 
determined by the total moles of both monomers used in the polymerization.  In her 
graduate work, Kathryn Peth used 4.2 molar equivalents of base.
20
  However, since an 
excessive amount of t-BuOK is known to cause crosslinking, I decided to first use only 2 
molar equivalents of base and add more t-BuOK over the course of the reaction if needed.  
It is recommended to first dissolve t-BuOK in anhydrous THF in at least a 1:20 mL  
t-BuOK : THF ratio to prevent the base solution from being too concentrated.  It is 
important to note that since t-BuOK is drawn from a solution of 1 M t-BuOK in THF, one 
only needs to multiply the calculated moles of t-BuOK by 1000 to obtain the desired 
volume of the base.  I first added 1.9 mL of t-BuOK (2 molar equivalents) over the 
course of 53 minutes.  Although the reaction went from pale yellow to slightly orange 
with bluish green fluorescence, it definitely did not have the desired bright orange color.  
I decided to add an additional 0.3 mL of t-BuOK  dropwise via a syringe, but I still was 
unable to achieve the correct color.  I continued the addition of t-BuOK until the color 
became bright red-orange with yellow-green fluorescence.  Overall, I ended up adding 
2.8 mL of t-BuOK (3 molar equivalents) dropwise over the course of 1 hour 45 minutes.  
Once the right color was achieved, the reaction was left to stir for 2 hours at  
55 °C under N2 gas.  The solution was then removed from heat and poured into 500 mL 
of rapidly stirring methanol to precipitate the polymer.  The methanol solution turned 
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bright red with yellow fluorescence.  After letting it stir overnight, the solution was 
filtered using Büchner to obtain red polymer flakes.  Because of the chlorine additive, the 
polymer broke up into a mosaic-like pattern on the filter paper and was very easy to 
collect.   
 Analysis of the 
1
H NMR spectrum of 20% PPV-Br was performed to determine 
the actual bromine functionalization of the polymer (Figure 60).  The integrated areas of 
two peaks were compared: the peak at 0.875 ppm, which corresponds to hydrogens on 
terminal methyl groups, and the peak at 3.381 ppm, which corresponds to hydrogens next 
to the bromine atom.  The calculations performed for the NMR analysis are presented 
below. 
Area without Br = 1.00 
Area with Br      = 0.07 
 
         
          
  
    
    
 = 14.3 
 
  
  
      
 
So, we have X = 28.6 hydrogens without Br and 2 hydrogens with Br per repeating 
backbone unit. 
Since there are 6 terminal methyl hydrogens per backbone unit, we have 28.6/6 = 4.76 
units without bromine. 
Finally, the true percent functionalization is determined as follows: 
 
      
          
So, the 20% PPV-Br polymer is actually 17% functionalized.   
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 Once the Br-functionalized PPV has been successfully synthesized, the next step 
was to introduce alkyne functionalization to the polymer backbone.  The mechanism for 
the alkyne functionalization of 50% PPV-Br is outlined in Figure 24 below.   
 
Figure 24.  SN2 Reaction Mechanism for Alkyne Functionalization of PPV-Br 
Potassium tert-butoxide base (t-BuOK) first deprotonates the propargyl alcohol, forming 
a nucleophilic alkoxide ion.  The nucleophile then reacts with the bromoalkyl chain via 
an SN2 reaction and expels the bromine atom to attach a terminal alkyne to the PPV 
backbone.  
 Four alkyne functionalization reactions were carried out and their results are 
presented in Table 2 below.   
Note: Volume of THF for all reactions was kept constant at 110 mL  
Table 2. Different Alkyne Functionalization reactions and their results 
 
All alkyne functionalization reactions were carried out using the same general procedure.  
0.050 grams of PPV-Br polymer was first dissolved in 100 mL of anhydrous THF 
through vigorous stirring and sonication for about 5 hours.  This step proved to be  
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very time consuming due to the solubility issues encountered with the PPV-Br polymer.  
Once most of the polymer has dissolved, it was added to a flame-dried 3 neck round 
bottom via a syringe, and the solution was heated to 65 °C with rapid stirring under N2 
gas.  It was extremely crucial to keep the atmosphere inert in order to avoid the formation 
of oligomers.  Once the reaction has heated, the appropriate amounts of t-BuOK and 
propargyl alcohol were dissolved in 5 mL of THF and added dropwise to the mixture 
over 25-70 minutes.  The addition funnel was then washed with 5 mL of THF, bringing 
the total volume of THF used to 110 mL.  It was discovered by Kathryn Peth
20
 in her 
graduate work that using the amounts of t-BuOK and propargyl alcohol based on the 
moles of polymer was not sufficient to facilitate the reaction.  Therefore, it was decided 
to calculate the amounts of t-BuOK and propargyl alcohol based exclusively on the total 
volume of THF used.  Doing so guaranteed that the concentration of these reactants was 
high enough to initiate the alkyne functionalization.  After the completion of the addition 
process, the solution was bright cloudy orange with yellow-green fluorescence.  After 
letting the reaction run for 48-70 hours, it was removed from heat, poured into 500-600 
mL of methanol, and stirred vigorously for about 20-24 hours to precipitate the polymer.  
The polymer solution was then Büchner filtered to obtain bright red flakes with orange 
fluorescence.   
 The first alkyne functionalization reaction was carried out with 50% PPV-Br 
using 0.027 M t-BuOK and 0.22 M propargyl alcohol.  After letting the reaction run for 
67 hours, the polymer was precipitated in 600 mL of methanol and filtered using 
Büchner.  Unfortunately, this polymer did not form the usual mosaic-like pattern, but 
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instead got stuck to the filter paper.  In order to recover any workable product, I had to 
soak the filter paper in THF to dissolve the polymer.  The THF was then removed by 
rotary distillation and a high pressure vacuum pump to obtain red flakes with bright 
orange fluorescence.  
1
H NMR spectrum of the product showed a characteristic alkyne 
peak at 2.4 ppm (Figure 62).  An NMR analysis, analogous to the one given on p. 35, was 
conducted to determine the actual alkyne functionalization to be 32.4% instead of the 
intended 50%.  The λmax values for the polymer were 466 nm for absorbance and 545 nm 
for fluorescence.  The slight blue shift in absorbance may be explained by the presence of 
oligomers.  Unfortunately, this 50% Alkyne-PPV polymer was almost impossible to 
dissolve for the subsequent click reaction.  For this reason, it was decided to shift focus 
on lower functionalized polymers and work exclusively with 20% PPV-Br.     
 The first alkyne functionalization of 20% PPV-Br was carried out using the same 
reactant concentrations as before: 0.027 M t-BuOK and 0.22 M propargyl alcohol in  
110 mL of THF.  This polymer also exhibited solubility issues and took about 5 hours to 
dissolve via sonication under Ar gas.  I decided to leave PPV-Br stirring overnight under 
N2 gas and perform the addition in the morning.  This proved to be a terrible idea, 
because overnight the polymer reacted with the air and broke up into oligomers.  The 
solution turned yellow in color with blue fluorescence, indicating a complete reaction 
failure.    
 The next alkyne functionalization of 20% PPV-Br was again conducted using the 
same concentrations as before.  However, extra care was taken to keep the atmosphere as 
dry as possible to prevent the polymer from breaking up.  UV/VIS and fluorescence 
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studies were carried out, and the λmax values for the polymer were determined to be 484 
nm for absorbance and 550 nm for fluorescence.  Since these values were consistent with 
the ones obtained by Kathryn Peth,
20
 I concluded that the alkyne functionalization was 
successful. An 
1
H NMR analysis was performed by comparing the integrated areas of the 
peak at 0.875 ppm, which corresponds to hydrogens of terminal methyl groups without 
bromine, to the alkyne peak at 2.400 ppm (Figure 63).  The actual functionalization was 
determined to be only 5.7%.  Since the starting PPV-Br polymer was actually 17% 
functionalized, it was concluded that only about a third of the PPV-Br polymer reacted to 
form the Alkyne-PPV product.  So, the next step was to increase the amounts of t-BuOK 
and propargyl alcohol to improve the functionalization of the Alkyne-PPV polymer.      
   For the last alkyne functionalization reaction, it was decided to increase the 
amounts of t-BuOK and propargyl alcohol by 2.75 while keeping the volume of THF 
constant at 110 mL.  After heating reaction mixture to 65 °C, 0.074 M t-BuOK and  
0.61 M propargyl alcohol dissolved in 5 mL of THF were added dropwise over the course 
of 1 hour and 10 minutes.  Due to the increased concentration of t-BuOK base, the 
solution color turned dark brownish orange with yellow-green fluorescence instead of the 
familiar bright orange color.  I decided to end the reaction after 46 hours and poured the 
solution into 550 mL of vigorously stirring methanol to precipitate the polymer.  The 
collected flakes had the familiar bright red color with orange fluorescence.  I decided to 
take an 
1
H NMR spectrum using 512 scans in order to get a sharper and more accurate 
alkyne peak at 2.4 ppm.  An NMR analysis showed that the actual functionalization of 
the Alkyne-PPV product was 15.3% (Figures 64-65).  Thus, increasing the amounts of  
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t-BuOK and propargyl alcohol by 2.75 improved the alkyne functionalization by 2.68.  
Photochemical studies were carried out, and the λmax values for the polymer were 
determined to be 485 nm for absorbance and 548 nm for fluorescence (Figure 25).   
 
Figure 25.  Absorbance and Fluorescence spectra of 15.3% Alkyne-PPV 
Based on these results, it was decided to exclusively use the 15.3% Alkyne-PPV polymer 
in subsequent click reactions.   
 Once a lower percent functionalized polymer has been successfully synthesized, 
the next step was to make conjugated polymer nanoparticles and experiment with the 
click reaction.   
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Nanoparticle Preparation and Purification 
 This project exclusively focused on the third SO-PPV route, outlined in Figure 11, 
involving the click reaction between Alkyne-PPV conjugated polymer nanoparticles and 
an azide-functionalized spirooxazine dye.  Prior to carrying out click experiments, it was 
necessary to establish a reliable and reproducible procedure for the preparation and 
purification of Alkyne-PPV nanoparticles.   
 Several trial nanoparticle solutions were prepared from the 5.7% Alkyne-PPV 
polymer in order to test the effect of click reagents, CuSO4 and sodium ascorbate (SA), 
on nanoparticle aggregation.  Every nanoparticle solution prepared for this project 
followed a general procedure established previously by the Harbron lab.
19
  3-5 mg of 
Alkyne-PPV polymer was massed out and then dissolved via rapid stirring and sonication 
under N2 in 3-5 mL of anhydrous THF to give a 1 mg/mL concentrated polymer mixture.  
The solution was then filtered through a 0.7 μm glass fiber prefilter to remove any 
undissolved aggregates and then further diluted with THF to a desired concentration.  
After trying several concentrations, it was determined that 30 ppm  (0.03 mg/mL) is the 
most optimal concentration for the Alkyne-PPV polymer.  To prepare 25 mL of a 30 ppm 
precursor solution, 0.75 mL of the filtered polymer mixture was injected into 24.25 mL 
of anhydrous THF and sonicated for 3-5 minutes to ensure homogeneity.  Approximately 
1 mL of the prenanoparticle solution was then injected into 8 mL of ultrapure (Barnstead) 
water and sonicated for an additional 2 min.  I later discovered that a higher concentration 
of nanoparticles was required to successfully carry out a click reaction and, therefore, 
decided to inject 2 mL instead 1 mL of prenanoparticle solution.  The THF in the 
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THF/water mixture was then removed via rotary evaporation in about 20-25 minutes 
(additional time may sometimes be required).   Finally, aggregates from the nanoparticle 
mixture were removed by filtration through both a 0.22 μm Durapore membrane filter 
and a 0.7 μm glass fiber prefilter to yield a pale pink solution.  An absorbance spectrum 
was then recorded to determine the actual concentration of the nanoparticle solution using 
Beer’s Law (εa = 1.5 × 10
7
 M
-1
 cm
-1
 for PPV and b = 1 cm for path length).    
 It was hypothesized that CuSO4 and sodium ascorbate, reagents used in the click, 
cause nanoparticle aggregation and can potentially quench polymer’s fluorescence.  Prior 
to conducting any click experiments, it was necessary to first determine the best 
procedure for removing CuSO4 and SA from the nanoparticle solution.  I decided to try 
Bio-Rad Econo-Pac 10DG desalting columns mentioned by Wu et al.
18
  These desalting 
columns are designed to separate macromolecules that are larger than 6000 daltons from 
smaller free molecules.  In our case, it was hypothesized that nanoparticles are large 
enough to pass through the column, leaving small CuSO4 and SA behind.  The procedure 
for using desalting columns was taken directly from the instruction manual.  Excess 
buffer is first decanted from the top of a new column and then 20 mL of ultrapure water 
is added to drain the column.  A 3.0 mL portion of the nanoparticle solution is then added 
to the column.  The entire sample is allowed to enter the column and the first 3.0 mL of 
effluent is discarded.  After adding 4.0 mL of ultrapure water to elute the nanoparticles, 
three approximately 1.3 mL fractions are collected.  Only the first fraction was used in 
subsequent photochemical studies, for it had the highest nanoparticle concentration and 
the least amounts of CuSO4 and SA. 
43 
 
 The first experiment for testing desalting columns was carried out on 30 ppm 
5.7% Alkyne-PPV nanoparticles.  Injecting 1 mL of the polymer/THF precursor solution 
produced 8.5 nM nanoparticles.  According to Wu et al., the optimal relative 
concentrations for the click reaction should be 50 nM nanoparticles, 1 mM CuSO4 and  
5 mM sodium ascorbate.
18
  Unfortunately, my nanoparticle solution was too dilute to be 
able to weigh out CuSO4 and SA according to these ratios. So, it was decided to use a 
large excess of these reagents to see how they affect nanoparticle aggregation.  The 
nanoparticle solution was divided into two 3.5 mL batches.  One batch was left as a 
control, while the other one was mixed with 1.4 mg CuSO4 (2.5 mM) and 8.5 mg SA (12 
mM) at 65 °C for 30 min.  Both batches were then passed through two separate columns, 
and absorbance and fluorescence spectra of pre- and post-column nanoparticles were 
recorded and analyzed.  While all control nanoparticles entered the column and eluted 
quickly, nanoparticles with CuSO4 and SA got stuck on top of the column.  I added an 
additional 12 mL of water in an attempt to elute some of the nanoparticles, but I was able 
to only collect a slightly blue fraction with a high concentration of CuSO4.  These results 
are illustrated in Figures 26 and 27 on the next page.   
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Figure 26.  Control 30 ppm 5.7% Alkyne-PPV nanoparticles 
 
 
 
 
 
Figure 27.  30 ppm 5.7% Alkyne-PPV nanoparticles with an excess of CuSO4 and SA 
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As can be seen on the spectra, the column clearly worked for the control nanoparticles.  
Although their fluorescence intensity decreased due to dilution, the overall shape and the 
λmax values for both absorbance (485 nm) and fluorescence (584 nm) stayed the same.  
On the other hand, the high concentrations of CuSO4 and SA impurities made it almost 
impossible to detect an absorbance peak for the second batch of nanoparticles.  The large 
shoulder below 350 nm corresponds to sodium ascorbate absorbance.  It was concluded 
that Cu(I) causes nanoparticle aggregation and eventually prevents them from passing 
though the column.   
 The second trial experiment was conducted to determine a way to remove 
aggregates after the reaction with CuSO4 and SA.  It seemed logical to try and filter the 
reacted nanoparticle solution using a 0.22 μm filter and a 0.7 μm glass fiber prefilter.  As 
before, the prepared nanoparticle solution was too dilute to accurately weigh out the 
appropriate amounts of CuSO4 and SA.  The following concentrations were used for this 
experiment: 7.5 nM nanoparticles, 0.7 mM CuSO4 and 2 mM SA.  Relative to the optimal 
concentrations given by Wu et al.,
18
 CuSO4 was 4.5 and SA was 2.5 times more 
concentrated than needed.  After letting the solution stir in a 25 mL Erlenmeyer flask for 
22 min at 65 °C, it was removed from heat and subjected to UV/VIS and fluorescence 
studies.  As can be seen from the absorbance spectra given in Figure 28, the λmax value of 
493 nm for the nanoparticles with CuSO4 and SA was red shifted compared to the λmax 
value of 485 nm for regular nanoparticles.  The red shift can be easily explained by the 
presence of more conjugated polymer aggregates.  The nanoparticle solution was 
subsequently filtered in an attempt to remove aggregates.  Figure 28 shows that the 
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absorbance λmax value for the filtered nanoparticles shifted back to the usual 485 nm.  
Thus, it was concluded that filtration only removes nanoparticle aggregates and not 
CuSO4 and SA reagents.  These results are illustrated in Figures 28 and 29 below.   
 
Figure 28.  Absorbance of trial nanoparticles before the addition of CuSO4 and SA;  
                  before filtration; after filtration 
 
 
 
Figure 29.  Fluorescence of trial nanoparticles before the addition of CuSO4 and SA;  
                  before filtration; after filtration 
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Given that filtration removes aggregates caused by CuSO4 and SA, the next step 
was to make more concentrated nanoparticles and substantially decrease the amounts of 
CuSO4 and sodium ascorbate.  A higher nanoparticle concentration of 20 nM was 
achieved by injecting 2 mL of the polymer/THF precursor solution into 8 mL of ultrapure 
water.  After the addition of 0.6 mM CuSO4 and 2.8 mM SA, the solution was stirred 
under N2 at 40 °C for 35 minutes.  Compared to the previous trial reactions, CuSO4 and 
SA were only 1.4 times more concentrated relative to the optimal amounts given by Wu 
et al.  Four sets of absorbance and fluorescence spectra of the nanoparticles were 
recorded and are presented in Figures 30 and 31.   
 
 
 
Figure 30.  Absorbance of trial nanoparticles before the addition of CuSO4 and SA;  
                  before  filtration; after filtration; first fraction after column 
 
The raised baseline of the spectrum measured before filtration indicates the presence of 
extreme aggregation.  The spectra also show that filtration can be used to remove 
aggregates, and the column can be used to remove excess CuSO4 and SA. 
1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0
A
b
s
o
rb
a
n
c
e
600500400300
Wavelength (nm)
 No CuSO4 / SA
 Before filtration
 After filtration
 Post column
48 
 
 
 
Figure 31.  Fluorescence of trial nanoparticles before the addition of CuSO4 and SA;  
                   before filtration; after filtration; first fraction after column 
 
The shoulder below 500 nm, present in the spectrum measured before filtration, can also 
be used to determine the presence of aggregates in a solution.  The shoulder forms due to 
light scattering of excitation light by aggregates.   
 The results of the five trial nanoparticle procedures are outlined in Table 3.  Note 
that the third column gives the relative ratios of the concentrations of nanoparticles, 
CuSO4 and SA.  Since the optimal ratio given by Wu et al.
18
 is 50 nM : 1 mM : 5 mM for 
nanoparticles, CuSO4 and SA respectively, I am going to report my values relative to the 
50 nM nanoparticle concentration.   
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Table 3.  Purification of trial 30 ppm 5.7% Alkyne-PPV nanoparticles 
 
 
Based on these results, it was concluded that the relative concentration of CuSO4, 
SA and nanoparticles is the most important factor for controlling and preventing 
aggregation.  Since trial reactions #4 and #5 produced the best results, I decided that the 
best relative concentration is 50 nM nanoparticles, 1-2 mM CuSO4, 5-7 mM SA.  Also, 
temperature and the reaction time do not seem to produce a substantial effect on 
nanoparticle aggregation.  Once a reliable procedure for nanoparticle preparation and 
purification has been established, it was time to start experimenting with the click 
reaction.    
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Click Synthesis  
 The type of a click reaction utilized in this project was the 1,3-dipolar Huisgen 
cycloaddition of an azide to a terminal alkyne to form 1,2,3-triazole products.  The 
mechanism of the click reaction between an azide-functionalized SO and an alkyne-
functionalized PPV polymer is outlined in Figure 32.   
 
Figure 32.  Mechanism for the 1,3-dipolar Huisgen cycloaddition of an azide to a  
                   terminal alkyne 
As can be seen on the figure, the terminal nitrogen of the azide can react with either  
sp-hybridized carbon of the dipolarophile to form two possible regioisomers: 1,4- and 
1,5-disubstituted triazole.   
 A variation of the click reaction exclusively used in this project was the  
Cu(I)-catalyzed 1,3-dipolar cycloaddition of terminal alkynes to azides using 
CuSO4/sodium ascorbate as catalyst.   Sodium ascorbate is a reducing agent used to 
reduce Cu
2+
 to Cu
+
 ion, which then forms a copper acetylide complex with the terminal 
alkyne.   The increased difference in polarity between the two sp carbons of the alkyne’s 
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triple bond results in the exclusive formation of the preferred, electronically more 
conjugated 1,4-regioisomer (Figure 33). 
 
Figure 33.  Copper(I)-Catalyzed Click Reaction
19,25
 
 Harbron et al.
19
 state that the ideal photochromic quencher for photomodulation 
cannot quench the polymer’s fluorescence in one form, but is an excellent quencher in its 
other form.  The hydroxyspirooxazine dye synthesized for this project perfectly meets 
these criteria.  The closed SO form of the dye has its maximum absorbance at a λmax 
value of 336 nm and has no spectral overlap with the Alkyne-PPV nanoparticle emission, 
which has its maximum fluorescence at λmax values of 582 - 585 nm (Figure 34).   
 
Figure 34.  Spectral overlap of Alkyne-PPV nanoparticle emission with SO absorbance 
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On the other hand, the open MC form of the dye absorbs in the λmax range of 586-603 nm 
and has a large spectral overlap with the Alkyne-PPV nanoparticle emission (Figure 35). 
 
Figure 35.  Spectral overlap of Alkyne-PPV nanoparticle emission with MC absorbance 
It is also important to note that the MC absorbance has a larger spectral overlap with the 
Alkyne-PPV nanoparticles suspended in water rather than just regular Alkyne-PPV 
polymer in a THF solution (Figure 36).   
    
Figure 36.  Spectral overlap of Alkyne-PPV polymer emission with MC absorbance in 
                  THF solution 
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Since the magnitude of the overlap integral determines FRET efficiency, we expect to 
observe a much greater degree of quenching using Alkyne-PPV nanoparticles rather than 
polymer dissolved in a THF solution.  In addition, nanoparticles with SO dyes that are 
covalently bonded, compared to just doped, should produce much more consistent and 
easily reproducible results with greater photomodulation.    
Overall, twelve click reactions were carried out using 15.3% Alkyne-PPV 
nanoparticles in an attempt to find the most optimal reaction conditions.  The reaction 
conditions and the results of all click experiments are presented in Table 4 on  
p. 55.  Most reactions were performed using the same general procedure with some minor 
variations.  The following variables were mainly varied in click reactions: nanoparticle 
concentration in ppm, the relative concentrations of nanoparticles and click reagents, 
reaction time, amount of THF, and the method of addition of click reagents.  The reaction 
temperature was always kept constant at 65 °C. 
First, each nanoparticle solution was prepared using the procedure outlined earlier 
on pages 41-42.  Absorbance and fluorescence scans were then recorded to test the new 
solution and to determine the concentration of nanoparticles using the Beer’s Law for 
absorbance.  The amounts of CuSO4, sodium ascorbate and SO-N3 were then calculated 
based on the nanoparticle concentration.  In all the reactions, I tried to keep the amounts 
of reagents close the optimal ones determined earlier: 50 nM : 1 mM : 5 mM for 
nanoparticles, CuSO4 and SA respectively.  All reactions were carried out under N2 gas 
for 25-90 minutes.  After letting the nanoparticles and click reagents stir at a high speed 
at 65 °C for a desired amount of time, the reacted nanoparticles were filtered using the 
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Fisherbrand filtration assembly to remove any aggregates.  The extent of aggregation was 
determined by the color of the filter paper, where dark red color indicated extreme 
aggregation.  The filtered nanoparticles were then purified to remove CuSO4 and SA 
using desalting columns described earlier. If any aggregates were still present in the 
solution, they would get stuck on top of the column.  Usually, three 1.3-1.5 mL fractions 
were collected, but only the first one was concentrated enough to produce any 
satisfactory results.  The first fraction not only had the highest concentration of 
nanoparticles, but also the least amounts of CuSO4 and SA.  Three sets of absorbance and 
fluorescence scans were recorded: before the click reaction, after filtration, and after the 
column.  As was observed earlier with non-clicked nanoparticles, filtration removes most 
aggregates, but fails to remove any click reagents.  Fortunately, the click reaction never 
caused any significant shifts in absorbance or fluorescence: the λmax value for absorbance 
stayed between 483 and 485 nm, and the λmax value for fluorescence remained between 
582 and 585 nm.  As expected, filtration and column purification both caused a decrease 
in the absorbance and fluorescence intensities due to removal of aggregates and dilution.   
Fluorescence studies were performed on clicked nanoparticles before and after the 
column.  First, an emission spectrum was recorded after exciting the clicked 
nanoparticles at 470 nm.  Then, the nanoparticles were exposed to the UV light for 10 
seconds, and another spectrum was quickly recorded to determine the degree of 
quenching.  The recovery process was monitored by recording four sets of fluorescence 
scans every minute after the UV light exposure.  All this data is summarized in Table 4.   
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Table 4. Click Reaction Conditions and Results 
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 As can been seen in Table 4, click reaction #1 failed to produce any satisfactory 
results.  The failure of the first reaction was attributed to the extreme degree of 
aggregation.  It was concluded that the order of addition of reagents has a significant 
effect on the nanoparticle aggregation.  For this reaction, the order of addition was the 
following: SO-N3 in THF, SA, CuSO4, and, finally, nanoparticles.  As soon as the 
nanoparticles were added to the Erlenmeyer flask with click reagents, the solution 
became cloudy and formed brown clumps.  After about 15 minutes, the solution suddenly 
lost its cloudiness.  In my later experiments, I determined that cloudiness indicates the 
presence of unreacted Cu
+
 ions.  It was also established that an ideal click reaction would 
lose its cloudiness gradually over the course of 30-60 minutes.  An instant loss of 
cloudiness is always a sign of extreme nanoparticle aggregation.  Stirring the solution 
rapidly often helps prevent aggregation.  Although I filtered these clicked nanoparticles 
using only a 0.7 μm filter paper, the crude product showed a 65% quenching and a 99% 
recovery after one minute.   
Given these results, it was hypothesized that the order of addition should be 
reversed for the second click.  This time, I decided to first let nanoparticles stir under N2 
without heat and then added CuSO4/SA dissolved in 1.0 mL of ultrapure water.  SO-N3 
was the last reagent to be added to the mixture.  The absorbance scan recorded after the 
filtration showed that 66% of nanoparticles were filtered out.  The substantial amount of 
aggregation was likely again caused by the wrong order of addition.  It was decided that 
adding CuSO4 and SA to stirring nanoparticles immediately causes aggregation if there is 
no SO-N3 present in the solution to initiate the click.  For this reason, from this point 
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forward, the following order of addition was used for each click reaction.  The 
nanoparticle solution is first transferred into a round bottom or Erlenmeyer flask and is 
stirred under N2 gas with or without heat.  Then, SO-N3 is dissolved in about 0.1 mL of 
THF and is quickly injected into rapidly stirring nanoparticles via a syringe.  Finally, 
CuSO4 and SA are dissolved in water and are quickly injected into the nanoparticle 
solution via another syringe.  In all experiments, except for the first one, the total volume 
of the solution was kept at either 8.0 mL or 7.0 mL.  I kept the volume at 7.0 mL in some 
experiments in order to increase the concentration of the clicked nanoparticles.  However, 
the total volume has absolutely no effect on the click reaction.   
Another click reaction with 30 ppm nanoparticles was carried out using the new 
order of addition.  Just like the two reactions before it, this experiment was conducted in 
an Erlenmeyer flask.  Unfortunately, the fact that 75% of nanoparticles were filtered out 
made us conclude that click reactions should be carried out in a small 25 mL round 
bottom flask to allow more free volume.  Nevertheless, this click reaction was very 
successful and exhibited a 94.6% quenching. 
Taking all these observations into account, another click reaction was performed 
using 30 ppm nanoparticles.  I decided to decrease the amount of SO-N3 to 1.2 mg.  In 
this case, the concentration of SO was half the concentration of CuSO4 and 1/10 of the 
concentration of SA.  Since the solution started to lose cloudiness after about 35 min, 
very few aggregates were formed.  The clicked nanoparticles exhibited a 94% quench, 
86% recovery after 1 minute, and 97% recovery after 4 minutes (Figure 37). 
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Figure 37. UV Study of 30 ppm click product #4 
 Given these results, it was decided to experiment more with 30 ppm nanoparticles 
and decrease the relative concentrations of CuSO4 and SA to 0.7 mM and 3.5 mM 
respectively.  Although almost no aggregates were formed, the clicked nanoparticles had 
a lower quenching of only 92.8% (Table 4, run #5). 
 It was hypothesized that larger nanoparticles would have more alkyne groups 
available for clicking, which should result in a greater degree of quenching.  For this 
reason, it was decided to experiment with 40 ppm nanoparticles.  Two click reactions 
with 40 ppm nanoparticles were carried out.  The first one (run #6) was performed using 
a greatly decreased concentration of the click reagents, while the second one (run #7) was 
carried out using the optimal concentrations established earlier.  Unfortunately, both click 
products showed poor quenching, but rather fast recovery (Figure 38). 
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Figure 38. UV Study of 40 ppm click product #6 
Based on these results, it was concluded that 40 ppm nanoparticles are so large that the 
MC quenchers on the particle surface are fairly far away from any fluorophores in the 
center of the particle.  The larger the nanoparticle, the greater the separation is between 
surface quenchers and central fluorophores.  Since the donor-acceptance proximity 
determines FRET efficiency, large nanoparticles exhibit poorer fluorescence quenching.  
So, it was decided to experiment with smaller nanoparticles instead.  
 I carried out two experiments using 25 ppm nanoparticles.  Unfortunately, as can 
be seen in Table 4, neither reaction produced excellent results.  It was decided to test the 
click using decreased concentrations of CuSO4 and SA, but a large excess of SO-N3 
(run #9).  I hypothesized that an increased concentration of SO would result in a greater 
magnitude of quenching.  Unfortunately, excess SO did not improve photomodulation, 
and any unreacted SO-N3 ended up filtering out of the click solution.  Despite very little 
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aggregation, 25 ppm clicked nanoparticles exhibited very poor quenching of 90% and 
slow recovery of 83.6% after 1 minute (Figure 39).   
 
Figure 39. UV Study of 25 ppm click product #9 
 Taking all these findings into consideration, I decided to go back to using 30 ppm 
nanoparticles again.  From my previous experiments, I found out that the  
Alkyne-PPV/THF precursor nanoparticle solution can be kept under N2 gas covered with 
aluminum foil for several days without deteriorating.  Therefore, instead of making a new  
30 ppm precursor solution, I decided to use the old one that was 24 days old.  
Unfortunately, the nanoparticle solution aggregated immediately upon the addition of 
CuSO4 and SA (run #10).  After making a fresh 30 ppm precursor solution, I decided to 
make a new batch of nanoparticles and leave them in the dark for 4 days.  This proved to 
be a terrible idea, for the nanoparticles were too old to successfully undergo the click 
reaction.  Just like in run #10, the nanoparticles instantly aggregated upon the addition of 
the click reagents (run # 11).   
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Finally, I decided to retreat to my familiar territory and run the last click reaction 
using freshly prepared 30 ppm nanoparticles.  The relative concentrations of reagents 
used were 50 nM : 1 mM : 5 mM : 0.7 mM for nanoparticles, CuSO4, SA, and SO-N3  
respectively, very close to the optimal concentrations reported earlier (run #12).  As I 
predicted, this reaction produced excellent results, similar to the ones obtained in click 
trials #3, #4, and #5 (Figure 40).   
 
Figure 40. UV Study of the post-column 30 ppm click product #12 
The new 30 ppm nanoparticles exhibited a 94% quench after 10 sec of UV irradiation and 
a 95.4% quench after 17 sec.  After 4 minutes, the fluorescence recovered to the original 
intensity.  It is interesting to note that pre- and post-column clicked nanoparticles often 
exhibit similar photochemical behavior.  As can be seen in Figure 41 on the next page, 
the pre-column 30 ppm clicked nanoparticles have a high magnitude of quenching 
(91.7%) and a fast recovery rate.  Thus, it was concluded that CuSO4 and SA do not have 
a significant effect on the nanoparticle quenching and recovery.   
140
120
100
80
60
40
20
0
F
lu
o
re
s
c
e
n
c
e
 I
n
te
n
s
it
y
 (
a
.u
.)
750700650600550
Wavelength (nm)
 Before UV exposure
 Immediately after UV exposure
 1 min after UV exposure
 4 min after UV exposure
62 
 
 
Figure 41. UV Study of the pre-column 30 ppm click product #12 
 Based on these experiments, a successful and reproducible procedure for the click 
reaction has been established.  A 30 ppm nanoparticle solution is to be prepared using the 
nanoparticle precipitation method outlined earlier.  Absorbance of the freshly made 
nanoparticle solution is then recorded to determine the concentration of nanoparticles 
using the Beer’s Law.  The amounts of the click reagents are to be measured out in the 
following relative concentration: 50 nM : 1 mM : 5 mM : 0.5–0.9 mM for nanoparticles, 
CuSO4, SA, and SO-N3  respectively.  SO-N3 is massed out, transferred into a small vial 
and dissolved in 0.1 mL of THF.  Similarly, CuSO4 and SA are massed out, transferred 
into a moisture-free Erlenmeyer flask, and dissolved in ultrapure water.  The nanoparticle 
solution is then transferred into a 25 mL round bottom flask and set to stir rapidly under 
N2.  The temperature on the hot plate is set to about 70-80 to reach 65 °C in the oil bath 
prior to the addition of the click reagents.  It is important to record the volume of the 
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nanoparticle solution, because the total volume of the reaction must be kept constant at 
8.0 mL.  In order to do that, CuSO4 and SA are to be dissolved in  
(8.0 – volume of nanoparticles) mL of water.  Then, SO-THF is rapidly injected into 
stirring nanoparticles via a syringe, followed quickly by the rapid injection of the 
CuSO4/SA solution.  The reaction is then run for 60 minutes.  It is necessary to monitor 
any color changes in the solution.  Upon the addition of all reagents, the solution should 
be cloudy peach in color.  It should begin to gradually lose cloudiness after about 35 
minutes, and become clear light pink by the end of the reaction.  After one hour, the 
clicked nanoparticles are filtered to remove any aggregates and then further purified to 
remove CuSO4 and SA using a desalting column.  UV/VIS and fluorescence studies can 
be performed on both the pre- and post-column clicked nanoparticles, for there is no 
significant difference in photomodulation between purified and crude nanoparticles.   
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UV/VIS and Fluorescence Studies of Clicked Nanoparticles 
 Once several batches of clicked nanoparticles were synthesized, they were 
subjected to UV/VIS and fluorescence studies to investigate their fluorescence properties.  
As mentioned earlier, the goal of this project was to reversibly quench PPV fluorescence 
using a fatigue resistant SO dye.   The results of the absorbance and fluorescence studies, 
presented in Table 5 on p. 65, show that we were successful in achieving this goal.   
 As can be seen in Table 5, some studies were performed on freshly prepared 
clicked nanoparticles, while others were carried out several days after the click reaction.  
In general, it was discovered that nanoparticles deteriorate over time and exhibit a much 
poorer quenching and slower recovery.  Older nanoparticles also have a slight blue shift 
in absorbance by about 3-5 nm, which suggests the presence of broken up, less 
conjugated polymer chains.   Despite the age and the low fluorescence intensity of old 
nanoparticles, they still exhibited an 85-90% quenching and full recovery within 130-180 
seconds.   Since the results obtained from the UV/VIS and fluorescence studies are very 
consistent with each other (Table 5), I am only going to discuss the last click reaction 
with 30 ppm nanoparticles (product #12).   
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    Table 5.  UV/VIS and Fluorescence Studies of Clicked Nanoparticles 
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Four sets of nanoparticle studies were carried out to investigate the photochemical 
properties of the click product #12.  First, three absorption spectra of the clicked 
nanoparticles were measured: before UV irradiation, immediately after UV irradiation for 
10 sec, and one minute after thermal recovery in the dark (Figure 42).   
 
Figure 42.  Absorption spectra of clicked nanoparticles #12 
The spectrum recorded immediately after UV irradiation clearly shows the presence of 
the MC form of the dye.  The UV irradiation does not have any effect on the nanoparticle 
absorption at 484 nm, but it generates an extra MC peak around 600 nm.  The absence of 
the MC peak on the spectrum recorded one minute after thermal recovery reveals that all 
MC has converted back to its SO form.  Thus, it was established that we have 
successfully clicked SO to the nanoparticles.  To determine the concentration and the λmax 
value for the MC absorbance, a difference spectrum was obtained by subtracting the 
spectrum measured before UV irradiation from the one recorded immediately after 
(Figure 43).   
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Figure 43.  Difference spectrum showing MC absorbance 
Using the Amax value of 0.02758 and εa = 4.3 × 10
4
 M
-1
 cm
-1
 for the MC quencher
19
, the 
MC concentration was calculated to be 0.641 mM.  A slightly red-shifted λmax value of  
602.8 nm for MC in a nanoparticle solution, compared to 586 nm in wet THF reported 
earlier, indicates the presence of a more polar environment.  Compared to the λmax value 
of 597 nm mentioned by Harbron et al.,
19
 602.8 nm indicates that the SO dye molecules 
are not coiled inside the nanoparticles, but are attached to the surface where they are 
exposed to water.  The increased polarity of water compared to the THF/water solution 
inside nanoparticles would explain the observed red shift.   
 The decay of MC back to SO is examined by monitoring the absorption kinetics at 
the λmax value of 602.8 nm immediately after irradiation with UV light (Figure 44).   
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Figure 44.  Kinetic Study of the MC  SO thermal recovery after UV light irradiation 
                  at λmax = 602.8 nm  
A first-order kinetics curve fit of the data was performed to give a first-order rate 
constant k = 0.0874 s
-1
 and a t1/2 value of 7.93 s.  The half-life for the MC  SO recovery 
for clicked nanoparticles is about twice as long compared to the SO doped 
nanoparticles.
19
  It was hypothesized that water can potentially stabilize the MC form 
and, thus, attribute to the slow recovery rate. 
 Figure 40 on p. 61 shows that the clicked product #12 exhibited excellent 
quenching of 94% and full recovery within 4 minutes.  A fluorescence kinetics study was 
performed to further test the clicked nanoparticles’ photomodulation properties.  The 
nanoparticles were excited at 470 nm, and the fluorescence intensity at 583 nm was 
recorded every second.  The UV lamp was then placed next to the sample and turned on 
and off while the fluorescence intensity was being measured.  The results of this study are 
presented in Figure 45 on the next page.    
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Figure 45.  Kinetic study of click product #12 
The kinetic study clearly shows the clicked nanoparticles’ ability to undergo reversible 
fluorescence quenching.  The cycle was repeated five times without any noticeable 
photobleaching.  On average, it took approximately 150 seconds for the fluorescence to 
be restored back to its original intensity.  Each peak corresponds to the following UV 
irradiation times: 10 s, 15 s, 17 s, 20 s, and 7 s.  The sample was exposed to the UV light 
for different amounts of time to determine if longer periods of UV irradiation 
considerably increase the degree of quenching.  After the exposure to the UV light for 10 
sec and 20 seconds, the fluorescence was quenched by 95% and 97.3% respectively, and 
recovered to the original intensity within 180 seconds.  It was established that longer 
periods of UV light exposure do not produce a significant difference in the magnitude of 
quenching.  Given these promising results, it was concluded that we have successfully 
synthesized fatigue resistant clicked nanoparticles that exhibit efficient photomodulation. 
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Conclusion 
  This project was successful in demonstrating efficient photomodulation in 
Alkyne-PPV nanoparticles covalently bonded to an azide-functionalized spirooxazine dye 
via the click reaction.  An extensive study of six hydroxyspirooxazine syntheses was 
performed to establish an efficient and easily reproducible procedure for spirooxazine 
condensation.  This part of the project proved to be time consuming due to extreme 
purification issues and resulted in low reaction yields.  Once the most optimal SO 
purification method was established, attaching the azide functional group to SO proved to 
be easy and efficient. 
 The Br-functionalized PPV polymer was synthesized using the procedure 
established earlier by the Harbron lab.  Attaching the alkyne to the polymer backbone did 
not exhibit any significant problems.  The procedure devised earlier by another labmate 
was modified to optimize the functionalization of the Alkyne-PPV polymer.   
 An extensive study of Alkyne-PPV nanoparticles was conducted to determine the 
best way to purify nanoparticles from click reagents.  The established two-step 
purification process involves filtration to remove nanoparticle aggregates and desalting 
columns to remove CuSO4 and sodium ascorbate reagents.   
 Click chemistry via a Copper (I)-catalyzed 1,3-dipolar cycloaddition of terminal 
alkynes to azides has been selected as the preferred route for covalent attachment of  
SO-PPV.  This reaction was carried out between Alkyne-PPV conjugated polymer 
nanoparticles and an azide-functionalized spirooxazine dye.  The fluorophore and the 
quencher are connected via a 1,2,3-triazole ring created during the click reaction.  In total 
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12 click reactions were carried out to find the most optimal click conditions.  It was 
concluded that 30 ppm is the preferred nanoparticle concentration that produces the best 
results.  Following the nanoparticle purification method established earlier, click products 
were successfully purified from aggregates and CuSO4/SA.  It was concluded that the 
relative concentrations of click reagents and their order of addition are the most important 
factors affecting nanoparticle aggregation.  The relative concentration of reagents should 
be 50 nM : 1 mM : 5 mM : 0.5 - 0.9 mM for nanoparticles, CuSO4, SA, and SO-N3 
respectively.   
 Photochemical studies performed on clicked nanoparticles showed very 
encouraging results.  Analysis of fluorescence spectra demonstrated that all clicked 
nanoparticles exhibited a great degree of photoquenching with an average of about 93%.  
Fluorescence kinetics studies showed an even greater magnitude of quenching, as large as 
97.3%.  All click products appear to be fatigue resistant and can undergo reversible 
quenching for long periods of time without considerable photobleaching.  Clicked 
nanoparticles showed a slower recovery rate compared to the one for SO doped 
nanoparticles.  Thus, we were able to successfully create a photoswitch of PPV 
fluorescence with great photomodulation and reproducible, consistent results.  
 Future experiments should focus on analyzing the environment inside and outside 
the nanoparticles and take advantage of the free volume available for the dye to undergo 
the SO  MC conversion.  More work is also needed to find a way to increase the 
intensity of the clicked nanoparticles after the purification process and to improve the 
recovery rate.  
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Experimental 
 Synthesis of 1-nitrosonaphthalene-2,7-diol [2]. 2.5 g (62.6 mmol, 1 eq) of 
sodium hydroxide was added to a 250 mL RB flask and stirred in 100 mL of deionized 
water until it completely dissolved.  4.47 g (64.8 mmol, 1.04 eq) of sodium nitrite and 
10.0 g (62.6 mmol, 1 eq) of 2,7-dihydroxynaphthalene 1 were added to the solution and 
stirred under N2 gas at 60 °C for one hour.  The solution was then cooled down to 0 °C in 
an ice bath.  8 mL of sulfuric acid was added to 15 mL of water and chilled in an ice bath.  
The acid was then added dropwise while keeping the reaction mixture at 0 °C.  Upon the 
addition of acid, the solution formed a gooey substance that was difficult to stir.  The 
reaction mixture was then stirred for one more hour at 0 °C and the precipitate was 
filtered using a large Büchner funnel and washed several times with water to give bright 
brown wet product.  The collected product was then dried in a vacuum oven with heat for 
about 24 hours to yield bright, dark red-brown powder.  Even after extensive drying, the 
product still had some water, so the actual reaction yield could not be established.  The 
product could not be dissolved to obtain an 
1
 H NMR spectrum. 
 Synthesis of 9’-(hydroxy)-spirooxazine [3]. 7.00 g (37 mmol, 1 eq) of 2 was 
added to a 500 mL 3-neck RB via a powder funnel and dissolved in 280 mL (2.5% w/v) 
of absolute ethanol.  Most starting material 2 was dissolved after sonication for 15 min 
and refluxing under nitrogen gas at 95 °C for 40 min.  7.48 mL (42.6 mmol, 1.15 eq) of  
1,3,3-trimethyl-2-methylidene-2,3-dihydro-1H-indole was dissolved in 18.5 mL (40% 
w/v) of absolute ethanol and added dropwise to the reaction mixture over 30-40 minutes.  
The reaction was then refluxed for 4 hours and was monitored by TLC plates 
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(hexane/ethyl acetate 75/25) every 20 minutes to determine the presence of side products.  
Shining the 365 nm UV light revealed the presence of the bright blue MC spot.  Distinct 
yellow spots indicated the presence of impurities.  After completion, the reaction was 
taken off heat and the solvent was removed by rotary evaporation to give viscous dark 
brown oil.  Minimal amount of ethyl acetate (~ 30 mL) was added to precipitate the solid, 
and the crude product was Büchner filtered to yield dark brownish red crystals.  The 
crystals were transferred to a 125 mL Erlenmeyer flask and dissolved in a small volume 
of acetone via sonication for 5 min.  Upon addition of 4-5 spatulas of activated carbon, 
the solution was boiled for 10 minutes.  Activated carbon was then filtered out using 
gravity filtration, and acetone was removed by rotary evaporation.  The collected product 
was dissolved in a small volume of hexane, sonicated for 20-25 minutes, and refluxed for 
another 25 minutes under N2 gas.  The solution was then Büchner filtered to yield yellow-
tan powder.  Average percent yield was 30%.  
1
H NMR (400 MHz, CDCl3) δ 7.85 (d, 
1H), 7.70 (s, 1H), 7.66 (d, 1H), 7.57 (d, 1H), 7.22 (t, 1H), 7.08 (d, 1H), 7.02 (d, 1H), 6.90 
(t, 1H), 6.85 (d, 1H), 6.58 (d, 1H), 5.40 (s, 1H), 2.76 (s, 3H), 1.35 (s, 6H). 
 Synthesis of 9’-(4-bromobutyl)-spirooxazine [4].  0.721 g (2.095 mmol, 1 eq) of 
hydroxyspirooxazine 3 was dissolved in 100 mL of dry acetone in a 3-neck 250 mL RB 
flask.  Upon the addition of 2.027 g (14.7 mmol, 7 eq) of potassium carbonate, the 
solution turned dark brown.  The flask was set up on a condenser with nitrogen gas.   
0.25 mL (2.095 mmol, 1 eq) of 1-dibromobutane was added dropwise to the mixture and 
the reaction was then refluxed at 64 °C for 24 hours.  Overnight, the solution changed 
color from dark green to pale yellow.  After removal from heat, unreacted spirooxazine 
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and K2CO3 were filtered out using Büchner.  The solvent was then removed by rotary 
evaporation to give a green-brown gooey substance.  The product was recrystallized in 
hexanes and Büchner filtered to yield grayish green powder.  
1
H NMR (400 MHz, 
CDCl3) δ 7.84 (d, 1H), 7.72 (s, 1H), 7.64 (d, 1H), 7.58 (d, 1H), 7.22 (t, 1H), 7.08 (d, 1H), 
7.04 (d, 1H), 6.90 (t, 1H), 6.86 (d, 1H), 6.59 (d, 1H), 4.22 (t, 2H), 3.41 (t, 2H), 2.76 (s, 
3H), 1.97 (quint, 2H), 1.86 (quint, 2H), 1.35 (s, 6H). 
 Synthesis of 1-azidohexane.  1.73 g (26.6 mmol, 1 eq) of NaN3 was dissolved in 
53 mL of DMSO in a RB flask.  3.42 mL (24.2 mmol, 0.91 eq) of 1-bromohexane was 
added to the reaction with stirring.  The solution was stirred at room temperature for 4 
hours and then poured into 100 mL of water.  The product was extracted twice with 30 
mL of diethyl ether to give a clear solution.  The organic layer was dried with MgSO4 and 
the diethyl ether was removed by rotary evaporation to give a pale yellow liquid.  The 
reaction was carried out once with a 77% yield.  
1
H NMR (400 MHz, CDCl3) δ 1.49 (t, 
2H), 1.3 (quint, 2H), 1.29 (quint, 4H), 1.31 (quint, 2H), 0.88 (t, 3H). 
 Synthesis 9’-(4-azidobutoxy)-spirooxazine [5].  0.0278 g (0.408 mmol, 1 eq) of 
sodium azide was dissolved in 2 mL of DMSO in a 25 mL RB flask and set up on a stir 
plate under nitrogen gas.  0.189 g (0.376 mmol, 0.92 eq) of Br-functionalized 
spirooxazine 4 was dissolved in 5.5 mL of DMSO and added to the reaction flask, 
changing the color of the solution to grayish green.  Additional 1 mL of DMSO was used 
to wash the sides of the flask.  The reaction was stirred for 4 hours at room temperature, 
changing color to cloudy dirty green.  The reaction mixture was then poured into a 50 mL 
separation funnel and 20 mL of water was added causing an exothermic reaction.  Upon 
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the addition of water, the solution turned cloudy grey and a precipitate was formed.  The 
product was then extracted twice with 23 mL of diethyl ether.  Cloudiness disappeared 
after the addition of diethyl ether and vigorous shaking.  The top organic layer in the 
separation funnel was dark yellow, while the bottom aqueous layer was grey.  The 
organic layer was dried with magnesium sulfate, and the drying reagent was filtered using 
gravity.  Diethyl ether was removed by rotary evaporation to give light green powder.  
Overnight, the collected product changed color from light green to light brown.  
1
H NMR 
(400 MHz, CDCl3) δ 7.84 (d, 1H), 7.72 (s, 1H), 7.64 (d, 1H), 7.58 (d, 1H), 7.26 (t, 1H), 
7.09 (d, 1H), 7.04 (d, 1H), 6.90 (t, 1H), 6.86 (d, 1H), 6.58 (d, 1H), 4.21 (t, 2H), 2.76 (s, 
3H), 1.97 (quint, 2H), 1.87 (quint, 2H), 1.49 (t, 2H), 1.35 (s, 6H).     
 Gilch Polymerization of 20% PPV-Br using Monomers A and B.  A 250 mL 
3-neck RB flask, equipped with a large egg-shaped stirbar, was set up with the right and 
left necks fitted with rubber septa.  A 50 mL addition funnel was attached to the middle 
neck of the RB flask, and also covered by a rubber septum.  A needle connected to a N2 
or Ar tank was inserted into the left septum.  One disposable syringe needle was inserted 
into the right septum, while another one was inserted into the septum on the addition 
funnel.  The entire system was flame-dried twice to get rid of excess moisture.  0.100 g 
(0.189 mmol, 1 eq) of A and 0.437 g (0.756 mmol, 4 eq) of B were dissolved in 50 mL of 
anhydrous THF and injected into the RB flask via a syringe.  The clear yellow solution 
was set to stir rapidly at 53 °C under N2 gas (no need to use a condenser).  The total 
number of moles of both monomers used was 0.945 mmol.  0.18 mL of 4-(tert butyl) 
benzyl chloride additive (0.945 mmol, 1 eq to total moles of both monomers) was added 
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to the flask via a syringe and the sides of the flask were washed with a small amount of 
THF.  1.89 mL (1.89 mmol, 2 eq to total moles of both monomers) of tBuOK was 
dissolved in 40 mL of anhydrous THF and transferred into the addition funnel.  Since an 
excess of tBuOK causes crosslinking, it was decided to err on the safe side and to start 
with a small amount of tBuOK and add more later if needed.  The addition of the 
tBuOK/THF mixture was started after the reaction temperature had reached 55°C.  The 
tBuOK/THF solution has to be added to the reaction very slowly to prevent crosslinking. 
1.89 mL of t-BuOK  was first added to the reaction mixture over the course of 53 
minutes.  Although the reaction went from pale yellow to slightly orange with bluish 
green fluorescence, it definitely did not have the desired bright orange color.  It was 
decided to add an additional 0.3 mL of tBuOK dropwise via a syringe, but the solution 
was still unable to achieve the correct color.  The addition of t-BuOK was continued until 
the color became bright reddish orange with yellowish green fluorescence.  Overall, total 
2.8 mL of t-BuOK (3 molar equivalents) was added dropwise over the course of 1 hour 
45 minutes.  Once the right color was achieved, the reaction was left to stir for 2 hours at 
55 °C under N2 gas.  The solution was then removed from heat and poured into 500 mL 
of rapidly stirring methanol to precipitate the polymer.  The methanol solution turned 
bright red with yellow fluorescence.  After letting it stir overnight, the solution was 
filtered using Büchner to obtain red polymer flakes.  Because of the chlorine additive, the 
polymer broke up into a mosaic-like pattern on the filter paper and was very easy to 
collect.  An 
1
H NMR analysis showed that the polymer was 17% Br-functionalized.   
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 Alkyne Functionalization of 20% PPV-Br.  A 3-neck 250 mL RB flask, 
equipped with a large egg-shaped stirbar, was set up with the left and middle necks fitted 
with rubber septa.  A 50 mL addition funnel was attached to the right neck of the RB 
flask, and also fitted with a rubber septum.  A needle connected to a N2 or Ar tank was 
inserted into the left septum.  One disposable syringe needle was inserted into the middle 
septum, while the one was inserted into the septum on the addition funnel.  The entire 
system was flame-dried twice to get rid of excess moisture.  The flask was then set up on 
a condenser under N2 gas.  0.050 g of 20% Alkyne-PPV was transferred into a flame-
dried 100 mL RB flask and 30 mL of anhydrous THF was added to the flask to dissolve 
the polymer.  Since the PPV-Br polymer exhibits extreme solubility issues, the solution 
in the RB was first sonicated for 5 hours under Ar gas.  Although not all PPV-Br 
dissolved after the sonication, it was decided to proceed with the reaction and add the 
polymer/THF mixture to the 250 mL 3-neck RB via a syringe.  The reaction mixture was 
then heated to 65 °C with rapid stirring.  3.93 mL (66.5 mmol, maintaining 0.605 M) of 
propargyl alcohol and 8.16 mL (8.16 mmol, maintaining 0.0742 M) of t-BuOK along 
with 5 mL of anhydrous THF were added to the addition funnel via a syringe.  The 
tBuOK/propargyl alcohol/THF mixture was then added dropwise to the reaction over the 
course of 1 hour and 10 min.  An additional 5 mL of THF was used to wash the sides of 
the addition funnel, bringing the total volume of THF to 110 mL.  After the addition, the 
solution color was bright orange with bright yellow fluorescence.  It is very important to 
keep the atmosphere as inert as possible to prevent the polymer from breaking up into 
smaller molecular weight oligomers.  After stirring for 46 hours, the solution color 
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changed to brownish orange with green/yellow fluorescence.  It was decided to stop the 
reaction at this point and pour the solution into 550 mL of vigorously stirring methanol to 
precipitate the polymer.  After letting the polymer stir overnight, it was Büchner filtered 
to obtain bright red flakes with orange fluorescence.  An 
1
H NMR analysis showed that 
the polymer was 15.3% Alkyne-functionalized.   
 Preparation and Purification of 30 ppm 5.7% Alkyne-PPV Nanoparticles.   
30 ppm 5.7% Alkyne-PPV nanoparticles were prepared using the general nanoparticle 
precipitation procedure.  4.2 mg of 5.7% Alkyne-PPV polymer was massed out and then 
dissolved via rapid stirring and sonication under N2 in 4.2 mL of anhydrous THF to make 
a 1 mg/mL concentrated polymer mixture.  The solution was then filtered through a 0.7 
μm glass fiber prefilter to remove any undissolved aggregates and then further diluted 
with THF to a desired concentration.  To prepare 25 mL of a 30 ppm precursor solution, 
0.75 mL of filtered polymer mixture was injected into 24.25 mL of anhydrous THF and 
sonicated for 3-5 minutes to ensure homogeneity.  Approximately 2 mL of the 
prenanoparticle solution was then injected into 8 mL of ultrapure (Barnstead) water and 
sonicated for an additional 2 min.  The THF in the THF/water mixture was then removed 
via rotary evaporation in about 20-25 minutes (additional time may sometimes be 
required).   Finally, aggregates from the nanoparticle mixture were removed by filtration 
through both a 0.22 μm Durapore membrane filter and a 0.7 μm glass fiber prefilter to 
yield a pale pink solution.  An absorbance spectrum was then recorded to determine the 
concentration of the nanoparticle solution using Beer’s Law (εa = 1.5 × 10
7
 M
-1
 cm
-1
 for 
PPV and b = 1 cm for path length).   Based on the Amax value of 0.323, the concentration 
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of the sample was determined to be 21.5 nM.  0.6 mg of CuSO4 (0.0038 mmol, 0.56 mM) 
and 3.9 mg of sodium ascorbate (0.020 mmol, 3.0 mM) were added to a 25 mL 
Erlenmeyer flask.  6.75 mL of clear pink nanoparticles were then added to the flask with 
CuSO4 and SA.  The relative concentration of reagents was as follows:  
50 nM : 1.3 mM : 7 mM nanoparticles, CuSO4 and SA respectively. Upon the addition to 
the flask, the nanoparticle solution turned cloudy peach.  The solution was sonicated for 
60 seconds and then stirred under N2 at 65 °C for 33 minutes.  After the completion of the 
reaction, the solution still remained cloudy.  The recorded absorbance and fluorescence 
scans indicated the presence of aggregates.  The nanoparticle/CuSO4/SA solution was 
then filtered using the Fisherbrand filtration assembly to remove the aggregates.  Another 
set of absorbance and fluorescence scans was recorded to verify that the filtration 
removed all nanoparticle aggregates.  Finally, the nanoparticles were purified from 
CuSO4 and SA using a desalting column.  A 3.0 mL portion of the filtered nanoparticle 
solution was added to the column and eluted with 4.0 mL of ultrapure water.  Three 1.3 
mL fractions were collected, and the photochemical studies performed on fraction #1 
showed that 90% of CuSO4/SA was removed from the solution.   
 Click Reaction for Product #12.  A 30 ppm 15.7% Alkyne-PPV nanoparticle 
solution was prepared using the nanoparticle precipitation procedure outlined earlier.  
Given the Amax value of 0.583, the nanoparticle concentration was calculated to be  
39 nM.  1.9 mg (0.00435 mmol, 0.546 mM) of azide-functionalized spirooxazine was 
transferred to a small vial.  1.0 mg (0.00622 mmol, 0.78 mM) of CuSO4 and 6.3 mg 
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(0.0311 mmol, 3.9 mM) of sodium ascorbate (SA) were transferred to an inert 
Erlenmeyer flask.  Thus, the relative concentration of reagents was 50 nM : 1 mM :  
5 mM : 0.7 mM nanoparticles, CuSO4, SA and SO-N3 respectively.  5.6 mL of clear pink 
nanoparticles was transferred to a 25 mL RB flask and set up to stir rapidly under N2 gas.  
The temperature on the hot plate was set to 75 to reach 65 °C in the oil bath.  While the 
nanoparticles were stirring, SO-N3 was dissolved in 0.1 mL of anhydrous THF and 
rapidly injected into the nanoparticle solution via a syringe.  CuSO4 and SA were then 
dissolved in 2 mL of ultrapure water and quickly added to the nanoparticle/SO-N3 
solution.  The Erlenmeyer flask was washed with 0.4 mL of water and the rinse was also 
added to the reaction mixture, thus bringing the total volume of the solution to exactly 8.0 
mL.  Upon the addition of the click reagents, the solution turned cloudy peach.  The 
reaction was set to stir rapidly for 60 minutes.  The solution color had to be monitored 
constantly, for sudden loss cloudiness always indicates extreme nanoparticle aggregation.  
For a click reaction to be successful, the solution should lose its cloudiness gradually 
over the course of the reaction, eventually turning clear peach.  After one hour, the 
clicked nanoparticles were removed from heat and filtered to remove aggregates.  Finally, 
the click solution was purified from CuSO4 and SA using a desalting column.  Three 1.3 
mL fractions were collected, but only the first one was subjected to UV/VIS and 
fluorescence studies, for it had the most concentrated nanoparticles and the least amount 
of CuSO4  and sodium ascorbate. 
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Appendix 
 
Figure 46.  
1
H NMR Spectrum of Spirooxazine after Purification with Activated Carbon 
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Figure 47.  Zoomed in 
1
H NMR Spectrum of Spirooxazine after Purification with      
                Activated Carbon 
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Figure 48.  
1
H NMR Spectrum of Spirooxazine (MeOH Synthesis) 
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Figure 49. Zoomed in 
1
H NMR Spectrum of Spirooxazine (MeOH Synthesis) 
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Figure 50.  
1
H NMR Spectrum of Spirooxazine (EtOH Synthesis) 
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Figure 51.  Zoomed in 
1
H NMR Spectrum of Spirooxazine (EtOH Synthesis) 
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Figure 52.   
1
H NMR Spectrum of Bromine-functionalized Spirooxazine 
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Figure 53.   
1
H NMR Spectrum of Bromine-functionalized Spirooxazine (zoomed in) 
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Figure 54.   
1
H NMR Spectrum of the Aromatic Region of Bromine-functionalized   
                   Spirooxazine  
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Figure 55.   
1
H NMR Spectrum of 1-Azidohexane   
93 
 
 
 
Figure 56.   
1
H NMR Spectrum of Azide-functionalized Spirooxazine   
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Figure 57.   
1
H NMR Spectrum of Azide-functionalized Spirooxazine (zoomed in) 
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Figure 58.  
1
H NMR Spectrum of Aromatic Region of Azide-functionalized Spirooxazine  
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Figure 59.   
1
H NMR Spectrum of 20% PPV-Br  
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Figure 60.   
1
H NMR Spectrum of 20% PPV-Br (zoomed in) 
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Figure 61.   
1
H NMR Spectrum of 50% Alkyne-PPV (actual functionalization is 32.4%) 
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Figure 62.  Zoomed in 
1
H NMR Spectrum of 50% Alkyne-PPV  
                 (actual functionalization is 32.4%) 
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Figure 63.   
1
H NMR Spectrum of 20% Alkyne-PPV (actual functionalization is 5.7%) 
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Figure 64.   
1
H NMR Spectrum of 20% Alkyne-PPV (actual functionalization is 15.3%) 
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Figure 65.  Zoomed in 
1
H NMR Spectrum of 20% Alkyne-PPV  
                 (actual functionalization is 15.3%) 
 
